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Abstract 
We present a detailed study about the influence of post-deposition temperature treatment on PECVD Al2O3 
passivation layers. Fourier transform infrared spectroscopy (FTIR) and quasi-steady-state photoconductance 
(QSSPC) were applied for characterization. We observed several indications of structural changes of the Al2O3 layer 
with annealing duration, temperature and layer thickness. A shift and an increase of the Si-O vibrational mode (1100-
980 cm-1) in the FTIR measured with changing temperature and layer thickness is presented. Structural changes of the 
Al2O3 layer with annealing duration, temperature, and layer thickness, caused by changes in the oxygen concentration 
within the SiOx layer are observed for the different FTIR spectra. We also detected a water band at 1650-1630 cm-1 
and other OH components around 3200 cm-1-400cm-1 depending on annealing temperature and time. For a 
temperature of 820°C, a dramatic change of the Al2O3 peak (650-700 cm-1) is observed. This is probably due to the 
crystallization of the film. 
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientific 
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1. Introduction 
In order to further increase the power conversion efficiency in industrial-scale produced silicon solar 
cells, it is necessary to passivate the surface of the silicon wafer. Al2O3 delivers outstanding passivation 
layer qualities on lowly and on highly doped p-type silicon. Several deposition techniques for Al2O3 were 
developed in the last few years: atomic layer deposition (ALD) [1], plasma-enhanced chemical vapor 
deposition (PECVD) [2], sputtering [3], atmospheric pressure chemical vapor deposition (APCVD) [4], 
and ultrafast ALD [5].  
The high passivation quality of Al2O3 can be attributed to the combination of chemical passivation 
with a strong field effect. The chemical passivation is provided by an interfacial SiOx layer between the 
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silicon and the Al2O3 layer. The field effect is provided by a high density of negative charges. To achieve 
a high carrier lifetime, the passivation layer needs to be activated using a post-deposition annealing 
process. When the temperature rises above a certain level, the charge carrier lifetime starts to decrease 
(see section 2.3). 
The structural changes in the Al2O3 passivation layer during annealing and high temperature processes 
is not fully understood. For example, whether the interfacial SiOx layer thickness increases or decreases 
during a temperature step is still a matter of dispute [1, 6].  
 
2. Experimental 
2.1. Sample preparation and measurement 
We used p-type 1 Ω cm FZ silicon wafers with shiny etched surfaces. The wafers were cleaned by a 
1 % HF dip lasting 1 minute. 
Shortly after the cleaning (within the same day), Al2O3 layers with thicknesses of 10 nm, 20 nm and 
100 nm were deposited. The deposition was carried out on both sides of the wafers in two successive 
processes. For the deposition we used a semi-inline industrial-type PECVD system (SiNA from 
Roth&Rau [2]). 
After the depositions, annealing processes were carried out. We applied two different temperatures 
(425°C and 820°C) and duration times (5 min and 30 min). The annealing was performed in a tube 
furnace under forming gas atmosphere. We applied a forming gas flux of 120 sccm (N2:H2 ratio of 95:5). 
The infrared absorption and the lifetime of the carriers were measured before and after the annealing 
processes of all samples. For the FTIR, a commercial setup from Brucker was used. For the measurement 
of the minority carrier lifetimes, we used the quasi steady state photoconductance decay method 
(QSSPC). The tool was a Sinton lifetime tester [7]. 
 
The experimental flow is shown in Fig. 1.  
 
 
Fig. 1. Experimental flow. After the cleaning step, the PECVD Al2O3 passivation layers were deposited with three different 
thicknesses: 10 nm, 20 nm and 100 nm. After having measured QSSPC and FTIR, the annealing processes were performed. A tube 
furnace with forming gas atmosphere was used. The characterization is then repeated. 
Cleaning 1% HF for 1 min
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2.2. Characterization methods 
FTIR is a sensitive tool that can be used to obtain information on the composition and structure of 
solid matter. The absorption spectra strongly depend on the interactions between the different atomic or 
molecular species within the solid layer. 
As FTIR tool a commercial setup from Brucker was used. The lifetimes of the minority charges were 
measured with the quasi steady state photoconductance decay method (QSSPC) using a Sinton lifetime 
tester. 
Fig. 2. PECVD Al2O3 passivated FZ p-Si (100) 1 Ωcm samples with 20 nm layer thickness. (a) Effective lifetime after different 
annealing treatments. (b) FTIR spectra of group 2, which reached the highest lifetime value after annealing. The mean values are 
plotted (averaged over 6 measurements for the as deposited and over 4 measurements for the annealed spectrum) of the absorbance 
as a function of the wavenumbers with standard deviation. The spectra are normalized by theirs layer thickness. The triangular 
symbols show the difference of the as deposited and the annealed spectra. 
2.3. Results  
For Group 1 to 4, the aluminum oxide thickness is about 20 nm. Different annealing times and 
temperatures were applied to these wafers. The carrier lifetimes for these groups are reported in Fig.2. a. 
The lifetime increases to a maximum of around 1 ms with 425°C as annealing temperature for 30 min 
(Fig. 1. a). For 5 min at 425°C, the annealing step was not long enough to fully activate the high 
passivation quality. The samples annealed at 820°C did not achieve the highest lifetime, probably because 
of the loss of the hydrogen passivation. 
Group 2 achieved the best lifetime. The FTIR spectra of Group 2 are shown in Fig. 2 b. The as-
deposited states and the 425°C annealed for 30 min are represented. There spectra are the average of 
several measurements.  
In the range of 700-600 cm-1, Al2O3 bending and stretching modes are present, consisting of absorption 
peaks coming from O-Al-O bending modes in the range of 659-665 cm-1 and from Al-O stretching modes 
in the range of 650-700 cm-1. Both resonances lead to the broad peak of Al2O3 [8, 9]. With annealing, we 
detected a slight shift and a large increase of the Al2O3 absorbance peak. This could be attributed to a 
beginning crystallization or recrystallization process of the Al2O3 layer. In the range of 1100-980 cm-1, a 
small peak is present, which can be assigned to SiOx stretching modes [8, 10]. This indicates the 
formation of a thin interfacial SiOx layer between the silicon and the Al2O3 layer. We observed an 
increase of the SiOx signal with annealing time. A similar observation was reported by Hoex et al. [11]. 
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This indicates an increase of the SiOx layer thickness with annealing which could be related to the high 
lifetime we measured. In addition, a small shift towards low wavenumbers has been also observed in this 
paper. Another peak was found to increase after annealing. This peak is present in the range of 1455-
1507 cm-1 and can be related to molecular water bonded to aluminum [12]. Another increasing peak with 
this annealing step is located in the range of 3600-4000 cm-1. This band can be related to O-H stretching 
vibrational modes of isolated hydroxyl groups [13, 14]. We conclude from our analysis that hydrogen 
diffuses into the Al2O3 layer with an annealing temperature of 425°C for 30 min [15]. We conclude that 
the structure of the Al2O3 and the SiOx interfacial layer is changing with the annealing step. 
In Fig. 3 the FTIR spectra of the 100 nm (see Fig. 3. a) and 20 nm (see Fig. 3. b) thick PECVD Al2O3 
layers with different post-deposition temperature treatments are shown. The standard deviation for 6-12 
measurements is shown as error bars. These error bars are almost nonvisible for the chosen scale. For the 
bulk of the layer, the signal-to-noise ratio is higher for thick layers. However, the signal coming from the 
interface is independent from the Al2O3 layer thickness. In particular, the peak of the interfacial SiOx layer 
can better be resolved for thinner Al2O3 layers as shown in Fig. 3. 
 
Fig. 3. FTIR spectra of PECVD Al2O3 samples with different annealing treatments for (a) 100nm layer thickness and (b) 20 nm 
layer thickness. The curves presented with rectangles are averaged over 12 different spectra, the curves presented with triangles over 
2 in (a) and 3 in (b) and the curves presented with cycles over 6 in (a) and 7 in (b). In (a) and (b) the mean value is with the standard 
deviation is shown.  All spectra where divided by each layer thickness. The annealing was carried out in a tube furnace in forming 
gas atmosphere. 
In Fig. 3 (a) it can be seen that with 820°C for 5 min, the SiOx peak is clearly increasing. The SiOx 
peak grows further with a longer annealing time. The interfacial SiOx layer is therefore growing during 
the annealing process. Another interesting fact is that the SiOx peak shifts towards higher wavenumbers 
(from 1024 cm-1 to 1188 cm-1) and the Gaussian shape gets narrower (from FWHM=123 to 93 cm-1) with 
annealing time. This indicates a higher concentration of oxygen in the interfacial SiOx layer [16, 17]. We 
propose that oxygen diffuses from the Al2O3 to the interfacial layer during the annealing process, and that 
a structural change of the interface layer has taken place, leading to a denser layer [18]. 
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Fig. 4. FTIR spectra for three Al2O3 layer thicknesses: 10 nm, 20 nm and 100 nm, annealed at 820°C for 30 min. Given is the mean 
value with the standard deviation. The curve given with triangles is averaged over 4 different spectra, the curve given with cycles 
over 3 and the curve given with rectangles over 2 spectra. As wafer material we used FZ p-Si (100) 1 Ω cm. It can be seen that the 
SiOx peak is growing with Al2O3 layer thickness. 
The thickness of the layer is a priory not directly related to the Al2O3 layer thickness. Therefore the 
amplitude of the SiOx peak is artificially changed by the scale of the curve for different Al2O3 layers 
thickness. We observed that the water peak (1650-1630 cm-1) also seems to increase for thin Al2O3 layers; 
however the factor is lower than for the SiOx peak. This could indicate that the water is mainly present 
close to the interfacial layer. However, the water is probably also present in the Al2O3 layer as the band 
position suggests that the water is bonded to aluminum [12].  
A peak at 3200-3700 cm-1 could be only detected for thicknesses of 100 nm. It disappears already after 
an 820°C annealing step for 5 min. This peak might be related to either the absorbance of Si-OH [17] 
bonds at the interface, or it could also be related to O-H stretching vibrational modes in Al-OH [19]. The 
fact that this peak disappears after the annealing could indicate that hydrogen is diffusing from the Al2O3 
bulk toward the interface. 
In the range of 2330-2340 cm-1 another independent peak of layer thickness appeared. 
We could also observe other phenomena with the high temperature treatment after the Al2O3 
deposition. In Fig. 3 a drastic change of the O-Al-O/Al-O vibration modes at lower wavenumbers can be 
seen. This can be related to a contribution of either Al-O-Si vibrational modes [20] or to a higher 
contribution of Al-O in a condensed AlO6 octahedral matrix [21]. The drastic change in the Al2O3 FTIR 
spectra probably indicates the crystallization or recrystallization of the Al2O3 layer.  
In Fig. 4 we compared the FTIR spectra of samples with 10 nm, 20 nm and 100 nm thick Al2O3 layers 
annealed at 820°C for 30 min. Here we did not normalize the spectra with the layer thicknesses. Thus the 
O-Al-O/Al-O peak has different amplitudes. In general, it seems that the peak positions are not shifting 
with layer thickness.  
Interestingly, it can be seen that the SiOx peak is increasing with increasing layer thickness. In 
addition, we observed that the amplitude of the SiOx peak is independent from the Al2O3 thickness in the 
as deposited stat.  
The fact that the SiOx peak increases and shifts with the annealing duration, and that its amplitude 
depends on the Al2O3 thickness only if there is an annealing gives us confidence that oxygen diffuses 
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from the Al2O3 layer to the interface during the annealing. This leads to a growth and a structural 
transformation of the initial interfacial SiOx layer. 
2.4. Conclusion and outlook 
We presented a detailed analysis of the influence of annealing temperature and time on Al2O3 layers. 
For this study, the Al2O3 layers of different thicknesses were deposited on silicon wafers for surface 
passivation. The characterization was performed using FTIR and QSSPC measurements.  
We observed a shift in the SiOx stretching peak at 1100-980 cm-1, which is probably related to a higher 
fraction of oxygen in the SiOx layer. These observation support strongly the combined role of the Al2O3 
layer, the annealing temperature and duration in the oxidation of the Si interface. We propose that oxygen 
diffuse through the Al2O3 layer at elevated temperature leading to the increase of the peak in the FTIR 
spectra. The understanding of this phenomenon is fundamental as the SiOx play a major role in Al2O3 
layer passivation quality 
In addition, we observed a shift of the Al2O3 vibrational modes with annealing time at 820°C. This 
could indicate a crystallization process of the Al2O3 layer. To study these phenomena and also the growth 
and shift of the SiOx peak, further characterization methods like XRD and SIMS are planned.  
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